Abstract. Small solar system bodies like asteroids and comets have escaped planetary accretion. They are the oldest and best preserved witnesses of the formation of the solar system. Samples of these celestial bodies fall on Earth as meteorites and interplanetary dust. The STARDUST mission also recently returned to Earth cometary dust from comet 81P/Wild 2, a Jupiter Family Comet (JFC). These samples provide unique insights on the physico-chemical conditions and early processes of the solar system. They also contain some minute amount of materials inherited from the local interstellar medium that have survived the accretion processes in the solar system.
INTRODUCTION
The study of extraterrestrial samples has allowed to open a window in the composition, physicochemical and dynamical processes of the formation of the solar system. In particular, the study of extraterrestrial samples can give informations on the nature and composition of materials that were inherited from the local interstellar medium, and on processes that were at work in the early solar system to transform this matter into solar material. In this chapter, we will give a brief presentation of primitive samples that retained the memory of the formation of the solar system (section 2), to get insights on: (i) the nature and composition of material inherited from the local interstellar medium that survived the accretion processes in the solar nebula (section 3); (ii) the early solar system chronology (section 4); (iii) the structure and composition of the protoplanetary disk (section 5).
PRIMITIVE SAMPLES: SMALL BODIES OF THE SOLAR SYSTEM
The memory of the formation of the solar system has only been preserved in primitive samples, i.e. bodies that have not (or little) been altered since their formation. Asteroids and comets are small enough to have escaped geological processes that transformed primitive planetesimals into planets, although some of them could have suffered various degrees of aqueous and thermal alteration.
Meteorites collected on Earth provide samples from asteroids, whereas samples from comets are more difficult to recover. Stored at low temperature at heliocentric distances greater than 50 astronomical units (AU), comets were thought to contain a larger amount of well preserved interstellar matter than asteroids, but recent results challenge that assumption (e.g. [1] ). Although some meteorites have been proposed to have a cometary origin, the only certified cometary samples available on Earth were brought back in January 2006 by the NASA STARDUST mission, returning dust from the Jupiter Family Comet (JFC) 81P/Wild2. Cosmic dust in interplanetary space is known to have a dual origin, from asteroids and comets [e.g. 2] , but until recently the identification of cometary dust particles were only tentative. Chondrules. Chondrules are silicate droplets that have been frozen in a spherical shape, and that constitute the main mass of the chondrites. Chondrules are usually composed of ferromagnesian silicates (olivines and pyroxenes) enclosed in a glassy phase, the mesostasis, which has a composition enriched in Al and Ca compared to olivines and pyroxenes. Two major groups of chondrules are defined, based on their chemical composition: (i) Type I chondrules formed in reduced conditions, reflected by low Fe contents of the silicates constituting the chondrules, and the presence of Fe as metal inclusions or sulphides; (ii) Type II chondrules contain olivines and pyroxenes with more Fe in their structure, as FeO. The most abundant are Type I porphyritic chondrules (i.e. with a recrystallisation texture and possible relict minerals).
Matrix. The meteoritic refractory inclusions and chondrules described above are embedded in a finegrained matrix that contains both anhydrous and hydrated mineral phases at the 10 nm to 5 m size scale [e.g . 9] . In carbonaceous chondrites, these mineral components are also intimately mixed with organic matter that amounts to a few wt% of the meteorite. Phyllosilicates and carbonates potentially present in 05001-p. 3 EPJ Web of Conferences the matrix are usually interpreted as secondary phases (alteration products) resulting from the circulation of aqueous fluids on the parent body [11] .
The Hayabusa Mission: Sample return from asteroid Itokawa
In May 2003, the Japanese spatial agency launched the Hayabusa interplanetary mission that arrived in September 2005 at Asteroid Itokawa (540 metre-long) (Figure 2 ), about 300 million kilometres from the Earth [e.g. 12-14, and companion papers]. Hayabusa is the first asteroid sample return mission, and although some misfortunes happened to the spacecraft, the sample container was returned to Earth in June 2010. The very small grains (most of them <10 m) found in the container have recently been shown to be of extraterrestrial origin and are currently under investigation (http://www.jaxa.jp/press/2010/11/20101116_hayabusa_e.html). These tiny grains (about 1500) represent the first samples from a known asteroid returned to Earth and available for laboratory studies [15] . Recent results presented at the Lunar and Planetary Science Conference in March 2011 confirm the link between S-type asteroids and ordinary chondrites ([e.g. 16, 17] ).
Comets
Comets are icy bodies from the outer regions of the solar system, stored at low temperatures (∼10 K) in two main reservoirs: the Edgeworth-Kuiper belt located beyond the orbit Neptune at ∼50 AU, and the Oort cloud which is a huge cometary reservoir extending at distances beyond 50,000 UA (i.e. ∼1 light year, about a quarter of the way to the nearest star, Proxima Centauri). As comet reservoirs lie far from the Sun (and from the Earth), comets can only be characterized when their highly elliptical orbits bring them in the inner Solar System.
The possibility for some meteorites to have a cometary origin is debated. Until recently, in situ and remote sensing observations were the only source of knowledge on the structure and composition of comets. The NASA STARDUST sample return mission in 2006 represents an outstanding milestone in our understanding of cometary matter. However, the conclusions drawn from these samples have
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Are there cometary meteorites?
Most meteorites originate in the asteroid belt, however some authors proposed that some meteorites (or meteorite types) could come from comets [e.g. [18] [19] [20] [21] [22] . This is in particular the case of the water-and organic-rich meteorite Orgueil [23] . This preeminent meteorite is the meteoriticists' reference, as its composition matches that of the solar photosphere, for non volatile elements [7, 24] . Results from the STARDUST spatial mission do not preclude the possible cometary origin of some primitive meteorites, however they cannot be recognized as such with certainty.
In situ analysis and remote sensing of comets
The GIOTTO and VEGA spatial missions have investigated the comet 1P/Halley in 1985-86 (e.g. [25] [26] [27] ). Comets are also characterized by spectroscopic measurements that give informations on the volatile content and on the composition of the dust grains (e.g. [28, 29] ) (see section 5).
The STARDUST Mission: Sample return from Comet 81P/Wild 2
The NASA STARDUST was launched in February 7, 1999 and successfully encountered comet Wild 2 on January 2, 2004. Wild 2 dust particles were brought back to Earth in January 2006 for laboratory studies and are preserved at the Johnson Space Center in Houston (see http://curator. jsc.nasa.gov/stardust/index.cfm).
STARDUST also collected interstellar dust, but the grains are small (<1 m) and the impact tracks are difficult to discriminate from defects in the aerogel [30, 31] . A web-based survey of the aerogel collectors was a success (http://stardustathome.ssl.berkeley.edu/), and four candidates of contemporary interstellar grain have been removed and are currently under investigation [32] (http://stardustathome.ssl.berkeley.edu/blog/).
The special case of cosmic dust: Asteroidal and cometary origins
Dust is present in interplanetary space and originates both from asteroids and comets, although the proportions of dust from each origin are still debated [e.g. [33] [34] [35] . Asteroidal dust is produced by collisions between asteroids, and cometary dust is released by sublimation of the cometary ice when comets approach the Sun.
Considering periods of time shorter than a million years, the mass flux of cosmic dust arriving on Earth is dominated by particles around 200 m, and accounts for 30, 000 ± 20, 000 tons/year (updated from [36] ), that means ∼1000 times more important than the meteorite flux [37] . Cosmic dust particles enter the terrestrial atmosphere with velocities varying between ∼11 km/s (Earth's escape velocity) up to ∼70 km/s or more for very elliptical orbits. Frictional heating with the atmosphere's layers causes a flash heating of the particles at high altitude (∼80-120 km). A large proportion of dust grains partially or totally melt (or evaporate) under this stress. However, a small fraction of unmelted cosmic dust particles remains in the incoming flux, and can be collected on Earth. Unmelted cosmic dust is mainly recovered from the terrestrial stratosphere and the polar caps. Historically, particles recovered from the stratosphere are called "IDPs" (for Interplanetary Dust Particles), whereas particles collected in the polar caps are named "micrometeorites". Due to their mode and location of collection, IDPs are small, from a few m to ∼30 m, and micrometeorites are larger, from ∼25 m to ∼500 m.
Recognizing asteroidal from cometary dust is a challenge. So far two families of interplanetary dust of cometary origin have been tentatively identified both in the IDP and micrometeorite collections.
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IDPs
Since 1981, NASA has been collecting interplanetary dust particles (IDPs) in the stratosphere, between 17-19 km altitude [38] . IDPs are collected using NASA stratospheric planes (U2 and ER2) holding foldable collector plates covered with a layer of high viscosity silicon oil, over flight durations from 30 h to 65 h. The fluffiest particles preferentially accumulate at these altitudes, due to their very low densities, and they get trapped in the sticky silicon oil when encountering the collector plates. The mineralogy of chondritic porous (CP) IDPs mainly consists of anhydrous crystalline phases (mostly Mg-rich olivines, pyroxenes and low-Ni Fe sulphides [42] ), as well as primitive glassy components called Glass Embedded with Metals and Sulfides (GEMS) that could be of interstellar origin [43] [44] [45] [46] [47] . The mineralogy of CP IDPs is compatible with that of comets Halley and Hale-Bopp (e.g. [48] and references therein), and they are rich in carbonaceous matter (from ∼5 to ∼45 wt%, [49] ). Some of these particles exhibit elevated D/H ratios [50] [51] [52] [53] . It has been proposed that a large proportion (if not all) of CP IDPs could be of cometary origin (e.g. [54, 55] and references therein). Large isotopic anomalies interpreted as presolar interstellar signatures have been found in IDPs, both in the organic matter and in the mineral components, including GEMS and silicates [53, [56] [57] [58] . 
Antarctic micrometeorites
Micrometeorites are interplanetary dust particles collected at the Earth's surface. They span a size range complementary to that of IDPs, as they are recovered with sizes ranging from ∼20 m up to ∼1 mm (very large particles are rare in the flux, and the largest (rare) unmelted particles recovered have sizes around 500-700 m). Pioneering work from M. Maurette and co-workers has allowed the recovery of large numbers of unmelted micrometeorites from the polar ice caps, in Greenland [59, 60] and in
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Antarctica [61] . Micrometeorites have also been collected in ice and snow in Antarctica by Japanese and American teams (e.g. [62] [63] [64] [65] ).
Since 2000, micrometeorites are collected from clean snow near the CONCORDIA station, at Dome C, in the central regions of Antarctica [4, 66, 67] . In addition to known types of particles (e.g. [68] ), the CONCORDIA collection contains new objects including fine-grained fluffy particles and ultracarbonaceous grains that were absent from previous micrometeorite collections [3] . The micrometeorites from the CONCORDIA collection are uniquely preserved from terrestrial alteration.
Chondritic Antarctic Micrometeorites. Micrometeorites in the size range of Antarctic micrometeorites ( Figure 4 ) are only related to a rare class of primitive meteorites, the carbonaceous chondrites [3, [68] [69] [70] [71] [72] . The origin (asteroidal, cometary, or both) of chondritic micrometeorites is still debated (e.g. [3, 68, 73, 74] and references therein). The STARDUST sample return has reinforced the hypothesis that chondritic micrometeorites may have mostly a cometary origin (see [35] ).
The new family of fluffy fine-grained micrometeorites ( Figure 4b ) present in the CONCORDIA collection are samples having an external texture similar to that of CP-IDPs. b a Ultracarbonaceous Antarctic Micrometeorites: A new family of cometary grains. Micrometeorites dominated by organic matter were identified in the CONCORDIA collection (UCAMMS, for Ultracarbonaceous Antarctic Micrometeorites, Figure 5 ). These particles contain up to 85% of organic matter in volume, thus showing carbon contents up to 10 times that of the most C-rich carbonaceous chondrites [75] [76] [77] . Three such UCAMMs were also reported in a collection performed at Dome Fuji [78] . Such concentrations of carbonaceous matter are comparable with that of the most C-rich IDPs [79, 80] , and compatible with CHON grains detected in comet Halley by the Giotto and Vega spatial missions in 1986 [81, 82] .
BEFORE/AT THE FORMATION OF THE SOLAR SYSTEM
Meteorites have retained some clues concerning the protosolar cloud that collapsed to form the solar system. They still contain some minute amount of interstellar matter that survived the early accretion processes in the protoplanetary disk. Among these, presolar mineral grains are found in meteorite matrices, and the presence of short-lived radionuclides (SLR) has been demonstrated at the time of CAI formation. 
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Ashes of previous star formation: Presolar grains
The material that constituted the protosolar molecular cloud has been transformed by physico-chemical processes in the solar nebula. Isotopic studies of meteorites and cosmic dust using secondary ion mass spectrometry (SIMS and NanoSIMS [83] [84] [85] ) have allowed recognizing a small fraction of this presolar dust from the local interstellar medium (ISM) that survived the accretion processes in the solar system (see [86] [87] [88] and Table 2 ). These grains are characterized by large isotopic anomalies of their major or minor (or even trace) elements. Most of these isotopic anomalies cannot be explained by physicochemical processes occurring in the solar system. In average, IDPs contain ∼300 ppm of presolar grains. The largest amount of presolar grains (∼ 1%) was recently identified in one IDP collected by NASA in April 2003 that may be associated with comet 26P/Grigg-Skjellerup [90] .
The presolar origin of nanodiamonds is still debated [e.g. 91]. Silicon carbide grains (SiC) are not the most abundant presolar grains, but they were the first ones to be discovered in the acid-insoluble residue obtained after acid dissolution of whole rock fragments of meteorites. The most abundant presolar grains are silicates: amorphous silicates like GEMS (see section 2.3.1), and forsterite and enstatite minerals (the magnesian endmembers of the olivine and pyroxene solid solutions, respectively). They have been discovered by in situ NanoSIMS analyses of polished sections or crushed fragments of meteorites and
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The isotopic compositions of presolar grains give insights into the structure and processes in stars from the local ISM (e.g. [86, 88, 93] ). Most SiC, graphite and silicate grains are thought to originate from low mass stars (0.7 -3 solar mass) belonging to the Asymptotic Giant Branch (AGB), or from metal-poor stars [57, 94] . Grains from massive stars can exhibit excesses in 28 Si, 44 Ti and 49 V. Dust grains from massive stars are rare, like type X SiC and Si 3 N 4 [86, 95] . Rare minerals have also been proposed to originate from supernova, like olivines [58] , silicates [90] , and maybe spinels [96] .
Short-lived radionuclides: A stellar (presolar) or nebular origin?
Refractory inclusions (CAIs) in meteorites are among the first solids to have formed in the solar nebula. Their analyses showed that they contain the daughter elements of short-lived (less than a few million years) radioactive elements that decayed after the crystallization (i.e. isotopic closure) of these inclusions. The inferred abundance of these short-lived radionuclides (SLR) are, in most cases, far above that predicted by the chemical evolution of the galaxy. The most emblematic of these now extinct radionuclides is 26 Al, which was first discovered in CAIs in 1976 [97] . The origin of these short-lived radionuclides can provide clues on the local physical and chemical conditions of the solar nebula and on its astrophysical environment. If they were homogeneously distributed in the early solar system, they provide high precision chronometers for the first millions of years of the solar system [98] . In the case of 26 Al and 60 Fe, the energy generated by their decay could also help differentiating bodies of sufficient sizes. Since the discovery of 26 Al, other extinct radioactivities have been found (Table 3 ) (see also [99, 100] ). Two main scenarios have been investigated to explain the presence of these extinct radionuclides in the protoplanetary disk: a nebular process, by irradiation of CAI precursors by the young Sun in the early protosolar disk, in the frame of the x-wind model proposed by Shu et al. [121] [e.g. [122] [123] [124] [125] ; or a last minute injection of stellar products (formed by thermal nucleosynthesis) in the parent molecular cloud of the solar system (e.g. [126] [127] [128] ). 26 Al was homogeneously distributed throughout the fraction of the protoplanetary disk that eventually formed the terrestrial planets [129] . Energetic constraints preclude a massive production of SLR by irradiation in the early solar system. In particular, it does not seem possible to produce the early solar system 26 Al budget by any irradiation scenario [130] . Irradiation can however produce both 10 Beand 41 Ca at levels compatible with their abundances inferred from the CAI isotopic compositions [108] [109] [110] 130] .
The early solar system abundances of 26 Al and 41 Ca can be explained by the injection of stellar nucleosynthetic products originating from a Wolf-Rayet star that escaped from its parent cluster and interacted with its surrounding cold and dense molecular cloud [128] .
The explosion of the Wolf-Rayet star as a supernova may have triggered the collapse of the protosolar cloud and the formation of the solar system.
The presence of 60 Fe in primitive meteorites in excess to abundances expected from galactic evolution is still debated. Stellar nucleosynthesis is required to produce efficiently 60 Fe [127] , however,
05001-p.9
EPJ Web of Conferences the distribution of 60 Fe was probably heterogeneous in the protosolar disk and its bulk abundance is therefore difficult to assess [120] .
Extinct radioactivities in primitive meteorites may thus have recorded both the existence of energetic irradiation in the vicinity of the protosun and a late injection of stellar nucleosynthesis products in the protosolar cloud [128, 131] .
DATING THE FORMATION OF THE SOLAR SYSTEM
CAIs are believed to be the most ancient solids of the solar system [8, 132] . Their age inferred by radioactive clocks are taken as the time of formation of the Solar System.
There are long-lived (e.g U-Pb, Pb-Pb, T 1/2 ∼Ga ) and short-lived (e.g 26 Al- 26 Mg, 182 Hf-182 W, T 1/2 ∼ 1 Ma) radio-chronometers that can give complementary ages. Isotopic compositions measured nowadays are taken as representative of that at the time of isotopic closure (e.g. crystallisation of the solids in the protoplanetary disk). Contradictions between ages measured by different techniques can sometimes be related to heterogeneities of the isotopic reservoirs, later perturbation of the isotopic system, uncertainty in the determination of the initial Daughter/Parent ratio. . . (e.g. [133] [134] [135] ).
The first estimation for the age of the solar system goes back to 1956, with a 207 Pb- 206 Pb age of 4.55 ± 0.07 Ga measured in the Canyon Diablo meteorite [136] . Refinements in analytical procedures now allow measuring Pb-Pb ages with accuracy better than 1 Ma. The oldest age reported recently in a CAI is 4568.5 ± 0.2 Ma [137] .
Dating the formation of solids in the first million years can be probed by analysing CAIs and chondrules (e.g [129, [138] [139] [140] [141] [142] ). The evolution of small planetesimals can be studied with iron meteorites, which are thought to originate from the core of differentiated asteroids [113, 115, 116, 143, 144] .
From these studies, chondrules are estimated to form about 1-2 Ma after CAIs [134, 138] , and all evidences point toward a very rapid formation and differentiation of small planetesimals, within the first millions of years after CAI formation.
As a summary, the accretion of solids, formation of CAIs and chondrules and differentiation of small planetesimals happened very rapidly, in the first millions of years of the solar system.
FIRST EPOCH: THE PROTOPLANETARY DISK
Nebular processes vs. interstellar heritage in the protoplanetary disk
Meteorites from the asteroid belt provide samples from the inner regions of the solar system (i.e. the region of terrestrial planets). The dust and gas from the inner regions may have been processed by high temperature events in the protoplanetary disk. The formation of CAIs and chondrules (and of their sub-components) in meteorites are representative examples of the results of such processes.
On the contrary, comets have formed at large heliocentric distances at very low temperatures. In particular, they were expected to contain large amounts of small dust particles of interstellar origin already present in the protosolar cloud, hence the naming of the NASA "STARDUST" mission to comet Wild 2.
The clear distinction between asteroids from the inner regions and comets from the outer regions of the solar system is now questioned by the results of STARDUST samples, and by the study of cosmic dust particles.
Cosmic dust as a representative sampling of interplanetary matter?
Cosmic dust in the size range of micrometeorites (<500 m) currently represents the dominant input of extraterrestrial matter accreted by the Earth, about 1000 times more than meteorites [37, 62, 145] . One
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The question is thus raised about the samples that best represent interplanetary matter. Reasons to believe that cosmic dust could be these samples are listed below: -The dynamical evolution of cosmic dust in interplanetary space is less biased than that of meteorites.
It is dominated by non-gravitational forces like Poynting-Robertson drag [148] , whereas meteorites are delivered to Earth as a result of interactions with resonances, and their accretion is biased through gravitational focusing by the Earth [149] . -The high proportion of carbonaceous-chondrite like objects (related to C-type asteroids) in the cosmic dust population (>80% [e.g. [69, 70, 146, 147] ) better agrees with the proportions of C-type (>55%) over S-type (<20%) asteroids [150] ) than that in the meteorite collections (∼5%). The meteorite collections could in fact under-represent the carbonaceous chondrites (CC) with regard to ordinary chondrites (linked to S-type asteroids [12, 16, 151, 152] ), as these fragile CC meteorites may be preferentially destroyed during atmospheric entry and by weathering at the Earth's surface before recovery (e.g. [153] ). -There are also evidences that the flux of micrometeorites did not change in composition as a function of time [72, [154] [155] [156] or toward smaller sizes [157, 158] . This view was recently challenged by new dynamical models that favour a preferential formation of large amounts of dust from Jupiter family comets that could explain the high abundance of carbonaceous-chondrite-like objects in the micrometeorite collections [35, 159] . This work would thus imply that most (if not all) micrometeorites with sizes <500 m are of cometary origin, and thus that the mineral components of cometary material are close to that of carbonaceous chondrites [3] (a result also suggested by analyses of STARDUST samples -[e.g. 1]).
Larger micrometeorites (>500 m) collected in the Transantarctic Mountains [160] seem to form a population that is intermediary between micrometeorites with sizes <500 m and meteorites, as large amounts of ordinary chondrite-like material (∼30% [161] ) and objects from differentiated bodies [162] are present in this collection.
In the following we present the limits of the classical distinction between inner and outer regions of the protoplanetary disk.
Tracing high temperature processes in the protoplanetary disk
The composition of the non-volatile elements from the early solar nebula has been preserved in the Sun's photosphere, and in primitive CI meteorites, over a large range of abundances ( Figure 6 ).
Deviations from this composition in meteorites are interpreted as produced by processes happening in the protoplanetary disk (e.g. chondrule formation) or by alteration processes in the meteorite parent body (e.g. hydrothermal alteration, differentiation).
Results from Wild 2 samples (STARDUST) show that the chemical composition of dust from comet Wild 2 is similar within a factor of 2 to the CI composition for most major and minor elements (Figure 7) .
For non-volatile elements, there is thus no large chemical fractionation between the inner and outer regions of the solar system. Condensation sequence and formation of chondrules. Meteorites contain both high and low temperature components, in the form of minerals and organic or alteration compounds, respectively.
Refractory inclusions in meteorites (CAIs) were the first solid phases formed at high temperatures (T >1200 K) in the protoplanetary disk. Equilibrium thermodynamical calculations have shown that condensation mechanisms from a gas of solar composition at various total pressures (typically from 10 −6 to 10 −1 bar) can explain the formation of some CAI components [e.g. 166-168, and references therein] (Figure 8) . Classical models of chondrule formation invoke high temperature heating (up to T >1800 K) of dust aggregate precursors for minutes to hours, and that cooled at different cooling rates (from ∼10 to 1000 K/h) in order to reproduce the different textures observed (see [170, 171] for reviews). The porphyritic textures are the most difficult to reproduce, and suggest important reprocessing of chondrules. The lack of large isotopic fractionation of volatile elements in chondrules suggests that the vapour evaporating from chondrules did not escape the chondrule-forming region (i.e. chondrules formed in a closed system). Modelling suggest that this region extended over ∼1000 km or more, with a high density of chondrules (∼1 to 10 chondrules per cubic meter), which means that the chondrule forming region was in a high gas density, hence near the midplane of the protoplanetary disk (e.g. [172, 173] ). The currently favoured hypothesis to get the necessary energy to melt the dust aggregates
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Recent studies support the existence of a link between Type I chondrules and planetesimal formation. Libourel et al. showed that olivine and pyroxene minerals from Type I chondrule can not originate from the crystallisation of the same silicate melt [176] [177] [178] . Olivines first crystallized from the melt, and pyroxenes on the edge of the chondrules later formed by interaction of these olivines with protosolar SiO gas (e.g. [176, 179, 180] ). The olivines in Type I chondrules frequently show triple junctions typical of textures observed in terrestrial mantle rocks, suggesting that Type I chondrules actually originate from the mantle of differentiated asteroids [176, 177] . This model supports a very fast evolution of the solar system in the first million years, with differentiation as a very early process, as seen by the datation of separated meteorite components.
Olivine and pyroxene abundances: A tracer of cometary origin?
Remote sensing analyses have shown the presence of Mg-rich olivines and pyroxenes in comets (e.g. [28] ). Investigation of Comet Halley in 1986 showed that in addition to Mg-rich olivines and pyroxenes, Fe sulphides and rare Fe metal grains are present, embedded in an omnipresent carbonaceous matter. The so-called "CHON" particles, showing a dominant signature of these 4 elements (H, C, N and O), are always mixed with minor amounts of minerals [25-27, 81, 181-184] . Mineralogical investigations of ultracarbonaceous Antarctic micrometeorites (UCAMMs) show the same intimate mixing between primitive organic matter and small mineral assemblages (see Figure 9) .
The olivine/pyroxene abundance ratio in UCAMMs is less than 1, a value much lower than that in meteorites, except in CR chondrites.
Mineralogical data from remote sensing analyses of comets are coherent with comet Halley results, showing the presence of mostly crystalline Mg-rich olivines and pyroxenes in about equal abundances (e.g. [28, 186] ).
Wild 2 cometary dust particles (STARDUST samples) contain high temperature minerals, including fragments of refractory inclusions and chondrules. A low olivine/pyroxene ratio (∼1) is also observed in STARDUST samples [187] [188] [189] [190] . The mineralogical and chemical composition of Wild 2 is related to that of primitive meteorites such as carbonaceous chondrites [1, 187, [190] [191] [192] [193] . Several authors [194] [195] [196] [197] report a mineralogical zonation in the abundance of olivine and pyroxenes in protoplanetary disks, with crystalline olivine dominating in the inner regions. This could be explained by olivine in the inner regions being formed from the annealing of amorphous pyroxene precursors, as suggested by the work of Roskosz et al. [198] . The olivine/pyroxene ratio could thus be used as an index of primitivity and a tracer for cometary origin [199] (see Figure 10 ). Oxygen isotopic compositions of high temperature phases. The oxygen isotopic composition of minerals is a powerful tracer of high temperature processes, such as the crystallisation, evaporation of minerals, etc. . . In the 1970s, analysis of the isotopic composition of oxygen in whole rock meteorites by conventional mass spectrometry showed that the protoplanetary disk was isotopically heterogeneous for oxygen isotopes, each class of meteorites having an individual signature (e.g. [200, 201] ) (Figure 11 ). Additionally, refractory inclusions (CAIs) in primitive meteorites systematically showed 16 O enrichments with regard to terrestrial values (e.g. [202, 203] ). On an oxygen three isotope 05001-p.14 Table 1 [201, 203, [208] [209] [210] [211] [212] [213] [214] [215] [216] [217] [218] [219] [220] [221] [222] [223] [224] [225] .
plot, these 16 O-rich values do not plot on the terrestrial fractionation line, but on a slope ∼ 1 line, called the CAI line (Figure 11 ).
These CAI compositions are close to the Sun value. Recent analyses of solar wind (SW) samples returned by the GENESIS mission (NASA) conclude that the oxygen isotopic composition of the Sun is enriched in 16 O with regard to the Earth, at a level of ∼ 7% [204] . This 16 O-rich composition of the Sun was also deduced from the analyses of SW implantation in lunar soils, although the results had been debated [205] [206] [207] .
The oxygen isotopic 16 O anomaly thus in fact resides in the Earth and the rocky planets being depleted in 16 O compared to the Sun (that represents more than 99.8% of the solar system mass). The processes leading to the distribution of isotopic compositions of oxygen in meteorites and rocky planets are not clearly established yet. Most physical processes fractionate the isotopes in a massdependent way, leading to data plotting on a slope ∼0.5 line, like on Earth (terrestrial fractionation line -TF). The slope ∼1 line (i.e. the CAI line) cannot be explained by such processes. The non-massdependent fractionation of O isotopes in meteorites requires a special mechanism that operated on a large scale. Deciphering that process(es) is by no means trivial, as oxygen represents the third most abundant element in the solar system, and the most abundant one in rocky material. Several scenarios are currently debated to explain the slope ∼1 of the CAI line. A first hypothesis is the production of an 16 O-depleted reservoir (later to be mixed with solar O) by selective photodissociation (selfshielding) of CO molecules in the protosolar disk [226] [227] [228] or in the parent molecular cloud [229] . Experiments aiming at reproducing such isotopic effects by self shielding of CO are currently highly debated [230] [231] [232] [233] [234] . A second hypothesis refers to mass-independent isotopic fractionation processes involving molecular symmetry-dependent reactions acting in the solar nebula, like what is observed for terrestrial ozone [235] [236] [237] [238] . Finally, a third hypothesis invokes heterogeneous chemical processes involving the formation of 16 O-depleted H 2 O (via ozone formation) at the surface of interstellar grains in dense molecular clouds [239] . [193, 240] ).
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The distribution of O isotopes in the protoplanetary disk is heterogeneous on a small scale defining localized O isotopes reservoirs, but there is not clear difference between that of asteroids (meteorites) and comets (STARDUST samples [190, 193, 240] and remote sensing analyses [e.g. 29, 241, and references therein]). Oxygen isotopic compositions of minerals from STARDUST samples have confirmed the similarity between Wild 2 minerals and that of primitive carbonaceous chondrite-like matter. In particular, the oxygen isotopic composition of Antarctic micrometeorites shows similarities with that of carbonaceous chondrites [147] , and with STARDUST samples (Figure 12) .
The oxygen isotopes being characteristic of meteorite classes and of mineral phases (like CAIs), deviations from the usual values can give insights into the evolution of mineral phases. Some CAIs could have sampled more than one O isotopic reservoir, thus recording a circulation in the early solar nebula (e.g. [242] ).
Low temperature processes in the protoplanetary disk
This topic is more detailed in the chapter by L. Remusat in this volume.
Primitive volatiles and organic phases. Spectroscopic studies show the richness in volatile and organic species of comets (e.g. [29] ). Comet Halley contains mineral particles embedded in a ubiquitous carbonaceous matter ("CHON" particles that only contain C, H, O, N elements, mixed with a minor stony component) (e.g. [25-27, 81, 181-184] ). We do not have samples of cometary volatiles on Earth, but we do have samples containing very primitive organic matter from the outer regions of the protoplanetary disk, the C-rich IDPs, and the ultracarbonaceous Antarctic micrometeorites (UCAMMs, see Figure 5 and Figure 9 ) [4, 185] .
Organic compounds (amine, glycine, complex aromatic hydrocarbons) and carbonaceous phases (carbonaceous grains and nanoglobules) are present in comet Wild 2 (STARDUST) samples but not at levels expected from previous characterizations of comets [243] [244] [245] [246] [247] [248] [249] . This may be due to the fact that only solid phases were sampled in the aerogel, and that they were partially destroyed upon impact in the collector [e.g. 243] .
The outer regions of the protoplanetary disk contain an important contribution of volatiles and carbon-rich phases, which could have either a nebular origin or be inherited from the local interstellar medium. Light element isotopes provide clues about the origin of these carbonaceous phases.
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Chemistry in Astrophysical Media, AstrOHP 2010 Nebular vs. Interstellar origin: Light element isotopes. The isotopic compositions are tracers of physical and chemical conditions of the formation and evolution of materials. The hydrogen isotopic composition of cometary water has been measured for 6 comets so far: Halley [250, 251] , Hyakutake [252] , Hale-Bopp [253] , C/2001 Q4 (NEAT) [254] , C/2002 T7 (LINEAR) [255] and 8P/Tuttle [256] [258] .
The hydrogen isotopic composition of STARDUST samples shows moderate deuterium enrichments, with D/H ratios up to twice the terrestrial value. However, these low ratios are probably not representative of the D/H values of comet Wild 2, since STARDUST samples are likely contaminated by terrestrial hydrogen in the aerogel [240] .
The hydrogen isotopic composition has a heterogeneous distribution in the solar system. The atmosphere of the gaseous planets have formed by gravitational collapse of protosolar gas and have thus retained the primitive isotopic composition of the protosolar nebula that was depleted in D compared to SMOW ( Figure 13 ). The molecular species (H 2 O, HCN) in the cometary regions are more enriched in D than the inner regions of the solar system. Figure 13 . Variation of the D/H ratios in the solar system. Adapted from [252] .
HCN HCN
Large D enrichments in extraterrestrial matter are usually interpreted as an interstellar heritage. Indeed, ion-molecule reactions at very low temperatures in dense molecular clouds are expected to greatly enhance the D/H ratio of H + 3 ions [259] . However, recent work suggests that deuteration mechanism could also have occurred by the same ion-molecule reaction but within the solar nebula itself (e.g. [260] ). The hydrogen isotopic composition of UCAMMs show extreme D enrichments over large areas (>100 m 2 ), with D/H ratios up to 10-30 times the SMOW value [4] . This isotopic composition is a signature of very primitive organic matter from the cold regions of the outer protoplanetary disk, and is not limited to hotspots of 1-2 m in size like usually observed in IDPs or meteorite IOM (e.g. [53, [261] [262] [263] ). The association in UCAMMs of primitive organic matter with mineral phases (including crystalline minerals) that show evidence of nebular processing, suggest a deuteration of the organic matter within the solar system itself [4] .
The N isotopic composition of the Sun has been measured in a primitive solar condensate (TiN, [264] , in GENESIS samples [265, 266] , and in the solar wind implanted in lunar soils [267] . These values are compatible with that measured by Galileo in the Jupiter atmosphere, and are depleted in 15 [240, 245, 249] . The N isotopic compositions of HCN and CN in comets by remote sensing have been revisited; both HCN and CN are enriched in 15 N by about a factor of 2 with regard to terrestrial value, HCN being the precursor molecule of CN [see [268] [269] [270] .
Large-scale mechanisms are required to enrich the terrestrial planet region in 15 N. Possible scenarios include the addition of 15 N-rich presolar components, or low temperature isotopic exchange. Recent work suggests that mixing of several components is required to explain the observed N isotopic composition of organic matter in meteorites and in comets [271] .
Carbon and sulphur isotopes in comets have isotopic compositions that are similar to that observed on Earth within errors [e.g. 29, 241, and references therein].
Toward an asteroid-comet continuum
Comets contain Mg-rich silicates, olivines and pyroxenes, identified by infrared spectroscopy (e.g. [272] ). STARDUST samples showed that Wild 2 cometary dust also contain very high temperature phases like CAIs and chondrules [1] . More than 50% of Wild 2 material recovered by STARDUST (i.e. mostly the fraction >2 m, as the finer matrix was mostly destroyed during the collection impact) was processed in the inner regions of the solar system [273, 274] . The presence of high temperature phases (formed or severely processed close to the protosun) in the comet forming regions requires large scale radial mixing mechanism(s) in the early solar system.
Since both CAIs and chondrules have been found in STARDUST samples, this mechanism(s) had to operate for at least a few million years, as chondrules formed a few million years after CAIs [1, 187, 190] . Several models have been proposed to explain this radial transport, by viscous diffusion by turbulence [275, 276] , by jets [277] , or radiation pressure processes [278] . Other evidences for transport in the protoplanetary disk are given by the oxygen isotopic composition of high temperature phases (e.g. [242] ), as well as by the hydrogen isotopic composition of low temperature phases [262] .
Comet Wild 2 present similarities with primitive meteorite matter (carbonaceous chondrites), strongly supporting the hypothesis of a continuum between primitive asteroids and cometary matter. In fact, the outer asteroid belt contains objects that present a cometary activity [279] , reinforcing the concept of this continuum.
Cosmic dust particles, in the form of micrometeorites [4] and primitive IDPs [55] are privileged objects to study this continuum between primitive asteroids and comets.
The work on UCAMMs is part of the PhD thesis of Elena Dobricȃ who made significant contributions in the characterization of this new family of cometary particles, in collaboration with H. Leroux, E. Quirico and J.-N. Rouzaud. Michel Maurette was a pioneer in collecting polar micrometeorites and interpreting the data for the formation of the solar system and for exobiological implications. Gero Kurat had a crucial role in micrometeorite research; he is deeply missed. Elena Dobricǎ, Jean Duprat, Eric Quirico and Dominique Bockelée-Morvan made a critical and fruitful reading of a first version of this manuscript. Jean Duprat and Matthieu Gounelle are important companion dusters. This work was supported by CNRS IN2P3, INSU (PNP), IPEV, ANR Jeunes Chercheurs "Micromet", CNES, and FP6 RTN Marie Curie "ORIGINS".
